We examined whether genetic polymorphisms of efflux transporters in hepatocytes are associated with susceptibility to develop hepatocellular carcinoma (HCC). Genetic polymorphisms of drug transporters expressed in hepatocytes were analyzed using DNA samples from hepatitis C virus (HCV)-seropositive cirrhotic patients with HCC (n = 58), and allele and haplotype frequencies were compared with those in healthy subjects (n = 61). 
Introduction
Hepatocellular carcinoma (HCC) is a frequent complication in advanced chronic liver disease, and is a major cause of death worldwide. In Japan, the high prevalence of HCC has largely been attributed to chronic infection by hepatitis virus, especially hepatitis C virus (HCV) [1] [2] [3] . HCV infection with persistent inflammation leads to sequential progression from acute to chronic hepatitis, cirrhosis, and eventually HCC in some cases. Since the development of HCC is a multistep process, numerous host factors (including gender, age, ethnicity, and stage of liver disease), viral factors (including viral genotype and levels), and environmental factors (including carcinogens, medications, and food) have been reported to be involved [4] . Further, oxidative products from endogenous and exogenous substances may accumulate in hepatocytes, possibly leading to hepatocarcinogenesis. One important protective function of the liver is the biliary and sinusoidal clearance of such endogenous and exogenous mutagenic/carcinogenic substances, preventing their accumulation in hepatocytes. This function is maintained by a drug efflux transporter system that comprises mainly the ABC-transporter proteins [5, 6] . Therefore, mutation(s) of these proteins may impair the protective system against accumulation of hazardous compounds that may lead to HCC.
Recently, various drug transporters expressed in hepatocellular membranes have been studied in terms of vectorial direction, substrates, and the pharmacokinetics (PK)/pharmacodynamics (PD) of clinically relevant drugs. Among the efflux transporters, ABC transporters such as multidrug resistance 1 (MDR1, p-glycoprotein) are important in the detoxification of xenobiotics. For example, p-glycoprotein acts as an efflux pump for the carcinogen benzo[a]pyrene in human breast cancer cells [7, 8] .
An increasing number of single nucleotide polymorphisms (SNPs) in drug transporter genes are being iden-tified in humans [8] , and may account for many of the significant individual differences in susceptibility to exogenous and endogenous mutagenic and carcinogenic insults. An example is 3972C > T mutation in ABCC2 (MRP2 gene); the risk of intrahepatic cholestasis of pregnancy for 3972T/T carriers has been reported to be 4-fold higher in comparison with 3972C/C carriers [9] . With regard the mutation 421C > A in ABCG2 (BCRP gene), 421C > A was associated with risks of diffuse large B-cell lymphoma and renal cell carcinoma [10, 11] . Thus, the role of genetic polymorphisms of drug transporters in the development of HCC in patients infected with HCV is of interest. In this study, we selected 6 candidate genes encoding efflux transporters, which are involved in the hepatobiliary transport of endogenous and exogenous compounds in humans [8] , and compared the allelic and haplotypic frequencies based on 34 SNPs between HCV-positive HCC patients and healthy subjects.
Materials and Methods

Subjects and DNA Samples
Fifty-eight Japanese cirrhotic patients with HCC were studied. Cirrhosis and HCC were diagnosed by liver biopsy or computed tomography and ultrasonography. Patient characteristics are summarized in Table 1 . Peripheral blood was collected after obtaining written informed consent. The samples were numbered, unlinked, and tested anonymously. DNA was extracted by the standard protocol. The use of patient blood samples for this study had been approved by Jikei University Ethics Committee. For comparison, genomic DNA was also obtained from 61 Japanese healthy volunteers (aged 20 to 40 years). Each subject was physically normal and had no antecedent history of significant medical illness or hypersensitivity to any drug. Their body mass indices ranged between 18 and 26 kg/m 2 . Their health status was judged to be normal based on a physical examination, screening of blood chemistry, complete blood count, urinalysis, electrocardiogram, and chest X-ray conducted before the study. Written informed consent was obtained from all participants before the study.
Genotyping
Among various efflux transporters, we analyzed the following six ABC (ATP-binding cassette) transporters: multidrug resistance 1 (MDR1, p-glycoprotein; gene name, ABCB1); multidrug resistance-associated protein 1 (MRP1, ABCC1), 2 (MRP2/cMOAT, ABCC2) and 3 (MRP3, ABCC3); breast cancer resistance protein (BCRP, ABCG2); and bile salt export pump (BSEP, ABCB11). The polymorphisms examined are listed in Table 2 . All occur at certain frequencies or are reported to have functional variability [12] [13] [14] [15] [16] [17] [18] . Bile salt export pump (BSEP) contributes to the efflux of bile acids or bile salts across the canalicular membrane in the liver [19, 20] . Although defects of the gene encoding BSEP can lead to a hereditary disorder, progressive familial intrahepatic cholestasis II (PFIC II) [21, 22] , all coding exons, all exon-intron junctions, and some 5' upstream regions were screened because we hypothesized that certain polymorphisms may be associated with lower transport activity.
376C > T and 421C > A in ABCG2, and 3435C > T in ABCB1 were determined using an ABI PRISM 7000 Sequence Detection System (Applied Biosystems, Foster, CA) with TaqMan SNP genotyping assays. -1767G > A in ABCC3 were analyzed by polymerase chain reactionrestriction fragment length polymorphism (PCR-RFLP). The other polymorphisms were detected by PCR-single strand conformation polymorphism (PCR-SSCP). The accuracy of PCR-SSCP-based-genotyping [12] promoter -24C > T -
ABCB11 promoter -15281_-15278CTCT > delete - [15] was confirmed by direct sequencing using a Big-Dye Terminator Cycle Sequencing kit (Applied Biosystems). The primers and restriction enzymes used in this study are listed in Table 3 . The primers designed for ABCB11 were based on the following sequences; GenBank acession numbers AC008177.3 (for promoter and exons 1-21) and AC069137.6 (for exons 22-28) ( Table 4) . The specificity of all primers was confirmed by direct sequencing.
Haplotype Analysis
For each gene, a haplotype analysis was performed with Arlequin ver. 3.11 (http://cmpg.unibe.ch/software/arlequin3/). The Arlequin software package estimates haplotype frequencies using the expectation-maximization (EM) algorithm. Only polymorphisms, except those in intronic regions, with a relative frequency > 0.05 were included in the analysis in either patients or healthy volunteers.
Analysis of Combinations of Polymorphisms in Different genes
In addition to the single gene testing, the influence of combinations of polymorphisms in different genes on HCC was assessed. In this analysis, we compared genotypic frequencies between subjects with and without variant types.
Statistical Analysis
All genotypes were tested as to whether they were distributed according to the Hardy-Weinberg equilibrium.
The association between different genotypes and the presence of HCC was evaluated using the chi-square test. For all tests, a P value less than 0.05 was considered significant. The odds ratio and a 95% confidence interval (CI.) were also calculated. Table 5 shows the polymorphisms of interest identified in the 6 genes, together with their allelic frequencies. In ABCB11, we identified 16 polymorphisms. Among them, 1331C > T (444Val > Ala) in exon 13 and 2594C > T (865Ala > Val) in exon 21 were non-synonymous variants.
Results
In the single gene testing, all 95% CI. values crossed 1.0, indicating no association between any SNPs and HCC.
Results of the haplotype assessment of HCC are shown in Table 6 . Significant associations were observed in the ABCC1 (p = 0.010) and ABCB11 (p = 0.028) genes. In ABCC1, seven haplotype patterns were assessed on the basis of five SNPs (i.e., 825T > C, 1062T > C, 1684T > C, 2007C > T, and 2168G > A). CCCCG and TTCCG were the most frequently observed haplotypes in the patient and control groups (CCCCG: 0.37 vs. 0.23; TTCCG: 0.25 vs. 0.36), respectively. The frequency of TTCCA was 0.06 in patients, while this haplotype was not observed in the control group. In ABCB11, eight haplotypes were assessed based on five polymorphisms (-15281_-15278 CTCT > delete, 108T > C, 807T > C, 1331T > C, and 3084A > G). DelTTCG was the most fre- We tested the association of all combinations of polymorphisms of different genes with HCC, and identified three as candidate markers for susceptibility to HCC ( Table 7) . All candidates were a combination of two of the following three efflux ABC transporters; ABCB1 (3435C > T), ABCC1 (825T > C) and ABCB11 (−15281_ −15278 CTCT > delete). The frequencies of the three mutations in the three genes in both patients and healthy subjects obeyed the Hardy-Weinberg law, indicating normal distribution of the genetic mutations in the subjects of our study. The three combinations were: [ABCB1 and ABCC1, odds ratio (95% CI.) = 4.44 (1.13-17. 
Discussion
Drug transporters can affect the absorption, distribution, and excretion of not only drugs but also mutagens and carcinogens, as well as their metabolites. The genetic polymorphisms in drug transporters have been linked to We compared frequencies between subjects homozygotes for the reference allele (r) and subjects with at least one variant (v) allele in each gene.
inter-individual differences in PK/PD profiles of clinically relevant drugs [8] , leading to expectations that these polymorphisms may also account for significant individual differences in susceptibility to exogenous and endogenous mutagenic and carcinogenic insults. In fact, in the clinical setting, some cases of HCV-related cirrhosis progress to HCC, while others do not. Among drug transporters, ABC transporters potentially affect the risk of carcinogenesis, because their substrates include carcinogens such as benzo[a]pyrene and p-glycoprotein, nitrosamine, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone and MRP1 [23] , and 2-amino-1-methyl-6-phenylimidazo [4,5-b] pyridine and BCRP [24] . The pharmacogenomic association of 3435C > T in ABCB1 with renal epithelial tumors [25] and colorectal cancers has been studied [26] . However, to our knowledge, there are very few reports on its association with HCC. Although both previous studies indicated that the 3435T allele was a risk factor for developing cancers, we found no association between any SNP of any gene of interest and HCC in the present study, suggesting that it is difficult to predict HCC based on single SNP in a single gene ( Table 5) .
Next, we conducted a haplotype assessment and identified ABCC1 and ABCB11 as susceptibility genes of hepatic carcinogenesis. MRP1 transports various chemical compounds. Aflatoxin B 1 (AFB 1 ), a mycotoxin, is a contaminant of certain food products including grains and peanuts. AFB 1 has been shown to be carcinogenic in the lungs as well as the liver [27] . The high-affinity transport of glutathione conjugates of AFB 1 epoxide has been demonstrated using human MRP1-enriched membrane vesicles [28] . However, the incidence of tumors in Mrp1(-/-) versus Mrp1(+/+) mice 12 months after eightweek exposure to AFB 1 revealed that the expression of MRP1 provided no protection to the lungs or liver from the carcinogenicity of this compound [29] . Although AFB 1 might be a substrate for MRP1 in vivo, functionally redundant ABC transporters may compensate for MRP1 in MRP1-deficient animals. Since the level of MRP1 in human liver is relatively low in comparison with that in other organs (e.g., lungs and kidneys), [30] MRP1 is likely to act as a barrier in cooperation with other transporters in the liver.
Since chemotherapy has long been a standard treatment to reduce the growth of HCC, the development of multidrug resistance by ABC transporters is a major obstacle to its success. Bonin et al. [31] investigated the expression of MRP1, MRP2, MRP3, p-glycoprotein, and MDR3 in paraffin-embedded tissues by quantitative RT-PCR. They found that multidrug resistance proteins, in particular MRP1, MRP2 and p-glycoprotein, were increased in HCC. The extent of MRP1 expression was similar in neoplastic and perineoplastic tissue, but this was not the case for MRP2 and p-glycoprotein. The expression of MRP1 altered neoplastic proliferation with some correlation to malignancy [32] .
Recently, Knisely et al. [33] studied the association between PFIC, diagnosed from immunohistochemical evidence of a deficiency of BSEP and a mutational analysis of the ABCB11 gene, and HCC in 11 unrelated children, and concluded that BSEP deficiency increases the risk of HCC in early life. Increased intracellular concentrations of bile acids have reported to be carcinogenic in human gastrointestinal cancer [34] . Although we had no PFIC patients and no young children, these reports support our findings of an association between the transport capability of BSEP and HCC.
In this study, after analyzing all the combinations of SNPs for all the transporter genes examined, three combinations of SNPs in two different genes were detected as candidate markers for susceptibility to HCC: 3435C > T in ABCB1 and 825T > C in ABCC1, 3435C > T in ABCB1 and -15281_-15278CTCT > delete in ABCB11, and 825T > C in ABCC1 and -15281_-15278CTCT > delete in ABCB11. Interestingly, all the genes encode ABC transporters, suggesting that efflux transporting systems, which could be involved in protecting tissues from the accumulation of xenobiotics and resulting toxicity, play an important role in the development of HCC.
Among various SNPs in the ABCB1 gene, 3435C > T, a synonymous variant, has been investigated in greatest detail in humans [8, 14] . Using an immunochemical approach to quantify P-glycoprotein content, Hoffmeyer et al. [35] found that 3435C > T was associated with a significantly reduced intestinal P-glycoprotein content in subjects with the T/T genotype. However, the association of 3435C > T with expression (both at the protein and mRNA levels) and in vivo transport activity (including human studies) is controversial, with increased, decreased, and unchanged expression/transport being reported [14] . Therefore, epigenetic concerns have been introduced into the experiments in order to assess the confounding results. Recently, Wang et al. [36] reported that the 3435C > T variant was associated with an allelic expression imbalance due to decreasing mRNA stability, leading to decreasing hepatic ABCB1 mRNA levels. On the other hand, Kimchi-Sarfaty et al. [37] reported that 3435C > T altered the substrate specificity of P-glycoprotein. They hypothesized that the variant changes the mRNA translation rate and thereby affected protein folding.
825T > C in ABCC1 and -15281_-15278CTCT > delete in ABCB11 were synonymous and promoter variants, respectively. Thus, none of the three candidate variants including 3435C > T in ABCB1 in the combination study had an influence on the amino acid sequence in each transporter protein. Similar to 825T > C, the effect of -15281_-15278CTCT > delete on transport activity has not yet been well investigated. One luciferase gene reporter experiment indicated that promoter constructs including -15281_-15278CTCT > delete were not associated with changes in luciferase activity [18] . All three candidate variants could be detected at relatively high frequency even in the healthy subjects, casting doubt on a significant contribution to the risk of developing HCC; however, a role for these variants in HCC cannot be excluded. Based on the present findings, a single mutation may not be involved in HCC under normal conditions, but combined with another mutation, may increase susceptibility to HCC. Indeed, there is substantial evidence that p-glycoprotein and MRP1 have overlapping functions in tissue defense [5] . Although each transporter alone would not have sufficient transport capability, together they are likely to provide protection against the accumulation of carcinogen(s).
Some carcinogenic substances may undergo activation or inactivation by hepatic enzymes. This may introduce a bias in the study, because the difference attributed to ABC-transporters may arise in fact from metabolizing enzymes. Further studies including polymorphisms of genes encoding hepatic metabolizing enzymes such as cytochrome P450 (CYP) 2D6 and CYP3A5 are required.
There are some limitations of the present study. We genotyped various SNPs that have been shown to be most functionally significant in previous pharmacogenomic studies or observed at relatively high frequencies without ethnic diversity. However, since the genotypes investigated here were not based on known phenotypes, the usefulness of the results may be limited at this stage. Furthermore, the numbers of enrolled patients and healthy subjects were small (around sixty), and the study had insufficient statistical power to detect even though a large differences in gene frequency between the two groups. Therefore, this study represents a preliminary comparison of frequencies of possible SNPs. Further studies to confirm the association of the SNPs with HCC and how these polymorphisms are associated with phenotypic differences are warranted in a large population study."
In conclusion, the present study suggests that some SNPs of the ABC transporter genes such as ABCB1, ABCB11, and ABCC1 are associated with the susceptibility of developing HCC, implying that aberrant hepatic clearance of toxic substances may increase the risk of hepatocarcinogenesis.
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